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In 1976, an M(7.8 strong earthquake occurred in the Tangshan region of
Northeast China within an ancient craton. In this study, we conducted
shallow seismic exploration, drilling-based exploration, and exploratory
trench excavation of ground fissures in the Tangshan Fault Zone and
obtained a high-resolution shallow seismic profile. Through analysis of its
lithology and sedimentary cycle, we constructed a composite drilling profile
across the faults. Coupled with the shallow fault combination patterns identified
from the exploratory trenches, the profile reveals that the Guye-Nanhu Fault
was the shallow response fault in the seismogenic structure of the Tangshan
earthquake. This fault is a strike-slip fault with a positive flower structure; the
reverse fault branches become progressively steeper with depth and converge
downward toward the vertical main strike-slip fault. A high-angle thrust fault is
located to the west of the main strike-slip fault, and a series of small-scale
normal faults appear in front of this fault, owing to local extension. The tectonic
form revealed by the deep seismic reflection profiles further supports the
superficial tectonic model. The near-NEE orientation of the stress field in
North China and the lower strike-slip movement component of the Tanlu
Fault Zone facilitate faulting in the Tangshan—Hejian—Xingtai Fault Zone, which
lies diagonally in the middle rectangular area of the North China Plain faulted
basin. The detailed structural model of the seismogenic fault obtained by
various detection methods is of great significance for understanding the
seismogenic mechanism of the Tangshan earthquake.

KEYWORDS

Tangshan earthquake, shallow seismic exploration, composite drilling profile,
exploratory trench, deep seismic reflection profile, flower structure
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Introduction

On 28 July 1976, an M,7.8 strong earthquake struck
Tangshan city in the North China Plain region, killing
242,000 people and destroying the entire city. As this high-
magnitude earthquake occurred in the North China craton, its
seismogenic structure has attracted substantial research
attention.

For example, by investigating the homogenous distribution
of fissures resulting from the Tangshan earthquake, it was
initially proposed that the seismogenic fault was located in the
Tangshan Fault Zone and corresponded to the NW-trending No.
5 seam of the Tangshan Mine, with a dip angle of 70-80° (Wang
et al., 1981). However, the results of shallow artificial seismic
exploration indicated that the seismogenic fault was an NW-
trending, high-dip, right-lateral strike-slip fault with a normal
component, causing dislocation of the Holocene and Pleistocene
strata (Hao and You, 2001). Conversely, it has been suggested
that the seismogenic fault is a high-angle, west-dipping, thrust
fault with a strike-slip component and an offset of 15 m that
accrued during the Late Pleistocene (You et al, 2002).
Furthermore, in a study of ground subsidence in a strong
earthquake area, Qiu et al. (2005) discovered a large fault
related to the Tangshan earthquake called the Fuzhuang-Xihe
Fault, with a length of approximately 90 km and an offset of 3 m
at the surface, characterized as a shovel-shaped normal fault.

In recent years, shallow artificial seismic exploration,
drilling-based exploration, and exploratory trench excavation
conducted near the remains of Niumaku and Tangshan
Asylum have revealed that the Tangshan Fault Zone exhibits
features of reverse and strike-slip movements at shallow depths
(Liu, 2011). A composite drilling columnar profile at the
earthquake relic site of Tangshan No. 10 Middle School
revealed a near-vertical fault beneath the surface cracks, with
a dip angle >83" and a middle Pleistocene vertical throw of 40 m
(Liu et al, 2013). Moreover, Guo et al. (2011) analyzed a
composite drilling profile and an exploratory trench in
Sunjialou, Tangshan, and proposed that the seismogenic fault
of the Tangshan earthquake was a normal fault (Guo et al,, 2011,
Guo et al., 2017; Guo and Zhao, 2019).

After the earthquake, numerous studies employed deep
detection methods in the Tangshan earthquake area, from
which crustal models and crustal thickness distributions were
acquired (Zeng et al., 1985; Zhang et al., 1994). For example, a
low-velocity layer was discovered in the lower part of the
Tangshan fault block, which rapidly pinches out on both sides
(Long and Zelt, 1991; Zhang et al., 1994; Lai et al., 1998; An et al.,
2009). The epicenter of the main shock was located at the
intersection of the NE-trending low-velocity belt and the NW-
trending high-velocity belt (Lai et al., 1998). Moreover, Shao et al.
(1986) proposed that the Tangshan earthquake was located in the
transition zone of upper mantle differential movement. Huang
and Zhao (2006) obtained a 3D crustal P-wave velocity structure
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model of the Beijing-Tianjin-Tangshan area using accurate
P-wave arrival time data from the dense digital seismic
that high-
conductivity and low-velocity anomalies under the Tangshan

network of the «capital region and found
earthquake source area were related to the existence of fluids.
Furthermore, according to data from a mobile seismic
observation array and the receiver function inversion method,
Liu et al. (2007) found that the crust-mantle interface in the
Tangshan region has experienced clear fault-block uplift.
Additionally, a 2D deep seismic reflection profile revealed the
existence of a large flower structure system in the deep part of the
Tangshan Fault Zone (Liu, 2011; Liu et al,, 2011).

Lietal. (2017) argued that the presence of low-velocity bodies
in the crust makes it easy for tectonic stresses to accumulate and
thus trigger large earthquakes. Applying high-resolution seismic
imaging of P and S waves, Li et al. (2018) proposed that the
migration of magma from the mantle to the lower crust may be
an important factor controlling strong earthquakes within the
North China craton. In recent years, experimental work in dense
urban areas using the horizontal-to-vertical spectral ratio
(HVSR) method with a dense seismic array as a low-cost and
effective survey method has revealed that the Tangshan Fault
Zone has been damaged and modified by strong seismic activity
since the Quaternary (Bao et al., 2018, Bao et al., 2019, 2021).
Mearns and Sornette (2021) proposed “a transfer fault complex”
to explain the dynamics and faulting mechanisms of the
this
drilling profile,

Tangshan earthquake. In study, shallow seismic

exploration, composite and exploratory
trenches have been used to investigate the surface rupture
zone of the 1976 Tangshan earthquake. Furthermore, the
detailed structural form of the shallow structure of the
seismogenic fault has been obtained to better understand the

seismogenic structure of the Tangshan earthquake.

Geological background

The research area is located at the boundary region of two
geological units: the Yanshan uplift and the North China Plain
faulted basin. Since the Mesozoic and Cenozoic, the Yanshan
Mountains have been rising continuously, whereas the Bohai Bay
Basin has experienced strong subsidence (Guo et al., 1977). The
research area has been in a state of tectonic uplift for a long time,
with Paleogene and Neogene strata now missing from the
stratigraphic record (Figure 1). During the Quaternary period,
the crust differentiated from north to south, and rivers became
widespread. Except for a few hills with exposed bedrock scattered
in the northeastern mountainous area and Tangshan city, most of
the region is covered by Quaternary alluvial deposits. Regional
strata and drilling profile data show that the sediments are
predominantly sandy clay and sandy gravel, with highly
variable thickness, which are controlled by paleogeographic
evolution. Generally, the thickness of the Quaternary deposits
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FIGURE 1

Map showing the fault distribution in the Tangshan research area in China. F;: Douhe Fault; F2: Weishan-Fengnan Fault; F3: Guye-Nanhu Fault;
F4: Fengtai-Yejituo Fault; Fs: Jiyun River Fault; Fg: Ninghe-Changli Fault; F7: Luanxian-Laoting Fault; Fg: Lulong Fault; Fg: Cangdong Fault; Fio:

Bogezhuang Fault.

decreases from east to west but gradually increases from north to
south on both sides of the Tangshan Fault.

Several active faults exist in the area. The NEE-trending
Ninghe-Changli, Fengtai-Yejituo, NW-trending Luanxian-
Laoting, and Jiyun River faults enclose the research area in
a diamond-shaped block. The Tangshan Fault Zone forms a
the
consists of three nearly parallel faults: the Douhe Fault
(F;), Weishan-Fengnan Fault (F,), and Guye-Nanhu Fault
(F3) (Figure 1).

diagonal line across diamond-shaped block and

Characteristics of the shallow
structure of the Tangshan earthquake
seismogenic fault

Ground fissure zone

In 1976, after the Tangshan earthquake, a 10-km-long
ground fissure zone (Figure 2) appeared along the Guye-
Nanhu Fault (F3), with an overall trend of N30°E and a width
of ~30 m, exhibiting right-lateral strike-slip (Guo et al, 1977;
Wang et al., 1981). Earthquake traces such as tensile cracks and
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extruded mole tracks have been found on the ground surface
(Guo et al., 1977). The surface projection of the epicenter of the
M,7.8 earthquake is located above this surface rupture zone.
However, the tectonic relationship between the surface rupture
zone and the fault has long been debated, as have the shallow
distribution characteristics of the seismogenic fault.

Previous research has conducted exploratory trench
excavation across surface ruptures in the Niumaku area
(Figures 3C,D) and found other ruptures resulting from an
earlier earthquake (Wang et al., 1978). Moreover, exploratory
trench excavation conducted at the site of the former Tangshan
No. 10 Middle School (Figures 3A,B) revealed that the
1976 surface ruptures disappear at a depth of 2.3 m and do
not directly penetrate the fault (Wang et al., 1978). Similarly,
based on trenching near Niumaku, Wang and Li (1984) found no
faults but three groups of surface ruptures at different depths.
Thus, previous trenching results did not reveal the existence of
seismogenic faults, especially because the depth of the trenches
was too shallow to reveal fault traces at depth. The composite
drilling profile at the site of the former Tangshan No. 10 Middle
School revealed a near-vertical fault beneath the surface cracks,
with a dip angle >83°, and a Middle Pleistocene perpendicular
fault with an offset of 40 m (Liu et al., 2013).
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FIGURE 2

Map showing the distribution of surface ruptures and field

work locations (for the location of surface ruptures, refer to Guo
et al, 1977).

In recent years, trenches have been excavated beneath surface
cracks in the Sunjialou area (blue rectangular area in Figure 2)
(Guoetal., 2011, Guo et al., 2017; Guo and Zhao, 2019). Here, the
cracks are unique, with a subsidence zone observed on the
southeastern side of the right-lateral strike-slip, en-echelon
surface cracks, and ~700 m long and 100 m wide (Figure 2).
Guo et al. (2011) analyzed the drilling profile and trench in
Sunjialou, Tangshan, and proposed that the seismogenic fault of
the Tangshan earthquake was a normal fault. Extending the
Sunjialou rupture to the SW connects it with one part of the
Fuzhuang-Xihe subsidence zone, which also belongs to the
surface rupture zone of the Tangshan earthquake, resulting in
a total length >47 km (Guo et al,, 2011, Guo et al,, 2017; Guo and
Zhao, 2019).

Three shallow artificial seismic profiles completed by our
research team conducted at the location of the exploratory trench
in Sunjialou revealed that the fault is located under an en-
echelon-shaped surface rupture zone on the west side, with

Frontiers in Earth Science

04

10.3389/feart.2022.946972

no fault present in the lower part of the trench. These results
are covered in a separate article and are not discussed
further here.

Shallow artificial seismic detection

A 1.6-km-long shallow seismic survey line was laid on Nanhu
Avenue, 200 m south of the earthquake relic site of Niumaku (Ts-
11 in Figure 2), with a wave detection distance of 3m and a
common depth point distance of 1.5m. A near-vertical main
fault (F;) at stake No. 713 and common depth point 1,426 is
interpreted as the upper breakpoint of the fault, with latitude and
longitude coordinates of 39.591°N and 118.188°E.

The strongly reflected wave groups on the east side of the
fault (T, and Tq) are stable (Figure 4), with good continuity and
level occurrence, and a decrease in depth near the fault. The Tq
wave group on the western side of the fault is also stable with
good continuity. The T; wave group exhibits relatively poor
continuity and decreases in depth at the side close to the main
fault, indicating an anticline, which was likely caused by
horizontal extrusion. As the fault is heavily influenced by
horizontal tectonic extrusion, the occurrence of the two wave
groups on both sides of the fault generally indicates an anticline,
and the overall appearance of the two wave groups is almost
vertical. The overall positions of T, T, and Ty, as well as the top
surface of the bedrock on the east side of the fault, are lower than
those on the west side. In addition, the wave groups of the fault
are offset downward. Therefore, we infer the existence of multiple
branch faults that diverge upward and converge downward to the
main fault.

Comparison of composite drilling profiles

Based on the location of the upper breakpoint interpreted
by the shallow seismic exploration results, six field sites were
selected for drilling-based exploration on the southern side of
Nanhu Avenue and west of Tangshan Asylum (Figure 2).
Through a comparison of key strata and an analysis of
data
obvious

from
dating, fault
displacements are identified, which are 0.9, 2.1, 4.4, 5.2,
6.1, and 7.7 m from the top to bottom (Figure 5). At this
site, an assemblage of gray gravel-bearing medium sand is

sedimentary  cycles, and considering

thermoluminescence six

developed at a depth of 30 m below ground. The gravel
content is approximately 50%, and the gravel diameter is
1-5 cm, with good psephicity. The gravel components are
predominantly limestone and quartzite and form a typical
key bed with an offset of 7.7 m (Figure 5).
Thermoluminescence dating and regional data suggest that
the Quaternary deposits at the site mainly developed in the
Middle Pleistocene Yangliuging Formation (Qp’Y), the Upper
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FIGURE 3

Photographs of surface ruptures. (A) Offset footpath with surface ruptures at the Tangshan No. 10 Middle School site, photographed after the
earthquake (Fang et al., 1981); (B) earthquake relic site of Tangshan No. 10 Middle School; (C) offset trees in a yard with surface ruptures in Niumaku,
photographed after the earthquake (Fang et al., 1981); (D) earthquake relic site at Niumaku.
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Ts-11 shallow seismic survey lines. Ty: Quaternary strong reflection interface; Tq: bottom boundary of the Quaternary; Ty: unconformity

surface at the base of the Neogene formation; CDP: common depth point.

Pleistocene Ouzhuang Formation (Qp’0), and Holocene
deposits, which are thinner and substantially influenced by
human activity. It is presumed that the Ouzhuang Formation
(Qp*0) is in conformable contact with the underlying strata. The
sediments are mainly brownish-yellow clay, silty clay, yellowish-
brown silty sand, medium-fine sand, and medium-coarse sand
and can be divided into two cycles with clear boundaries and
fining-upward sequences. The upper part of the cycle is
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dominated by clay, the middle part by silty clay, and the
lower part by fine and medium sand.

The sediments of the Yangliuging Formation (Qp’Y) are
mainly brownish-yellow clay, silty clay, yellowish-brown to
yellow silty sand, muddy silt, and grayish-yellow medium-
coarse sand with a gravel layer in the lower part. Based on the
sedimentary characteristics, the sediments can be divided into
three cycles with clear boundaries and upward-fining sequences.
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FIGURE 5

Composite drilling columnar comparison diagram at the Tangshan Asylum site.

The upper part is dominated by clay, the middle part is
dominated by silty clay and muddy silt, and the lower part is
dominated by fine and medium-coarse sand or gravel. The first
cycle is a gravel-clay structure in its lower part, with a gravel layer
at the bottom, an assemblage of dark gray fine sand in the middle,
and a drop of 7.7 m at the top surface of the gravel layer. The
second cycle is a structure ranging from fine silty sand to clay
layers with highly variable thickness; the bottom of the east side is
fine silty sand, whereas the bottom of the west side is muddy silt;
the thickness of the overall breakpoint on the west side is thinner
than that on the east side, and there is a 6.1 m offset between the
west and east sides. The third cycle is a structure ranging from a
silty sand layer to a clay layer. The average thickness of the sand
layers is almost the same; however, the sand layer on the west side
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of the breakpoint is slightly thinner than that on the east side, and
there is an offset of 5.2 m between the west and east sides.

The strata geometry and fault distribution revealed by the
composite drilling profile agree with those of the shallow artificial
seismic profile. The strata layers are almost horizontal but bend
near the main fault. The NW side rises near the fault, whereas the
SE side subsides toward the fault, resulting in a relatively
significant drop. By comparing the sedimentary cycles and key
strata, the composite drilling profile reveals that the main fault is
located between ZK4 and ZK5. There are several fault branches
on both sides of the main fault, which diverge upward and
converge downward to the main fault. The overall motion of
the faults is characterized by a thrust component, consistent with
the shallow artificial seismic detection results.
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FIGURE 6
Panoramic view of the exploratory trench at the Tangshan
Asylum site.

Fault structure revealed by
exploratory trench excavation

Trench characteristics

Based on the extension direction of the surface rupture zone
in the Niumaku earthquake relic area and the results of shallow
seismic exploration and composite drilling, the precise location
of the surface rupture was obtained. Thus, an exploratory trench
was excavated 300 m south of the Niumaku crack zone on the
west side of Tangshan Asylum. The trench was approximately
25 m long, 13 m wide at the top, and 10 m wide at the bottom. It
is a two-stage ladder-like structure, with the first stage being 5 m
deep and the second stage being 1.4 m deep, with a volume of
approximately 1,500 m*® to the shallow water level (Figure 6).

The trench excavated at the Tangshan Asylum site is a large
assemblage of marine sedimentary sand layers located 2-3 m
below the surface, in which the distribution of faults is preserved
(Figure 7). In general, although the large assemblage of loose sand
layers is highly unfavorable for the construction, cleaning, and
preservation of the trench, it creates unique conditions for
studying the characteristics of the Tangshan Fault Zone
structure, which is dominated by high-angle strike-slip
movement. One of the main characteristics of the fault zone is
loose marine sedimentary sand layers with small grain sizes and
well-developed bedding. There are multiple types of bedding,
such as horizontal bedding, massive bedding, and planar cross-
bedding, which can completely record and clearly identify small
fault movements. This is an advantage that is not often available
in trenches elsewhere. Another major characteristic is that mud
was drawn into the main faults with relatively large-scale slippage
during the rupture process. As the loose marine sedimentary
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sand layers around the faults are gradually exposed, these main
faults become especially prominent (Figure 8B).

Multiple fault branches were revealed by the trench, which
provide more structural information. The trench was carefully
cleaned and cataloged, and each fault branch was numbered and
classified (Figure 7) to best reflect the true traces of the faults. The
upper part of the trench was divided into the following five
stratigraphic units from top to bottom (Figure 7):

@ Artificial fill, containing coal cinder, bricks, and other
construction waste.

@ Dark gray cultivated soil, with two groups of ground cracks
of different timings, developed in the upper and lower layers,
representing two separate earthquake events (Liu et al., 2013).
® Yellowish-gray silty clay, whose sand content gradually
increases from top to bottom and gradually changes to
yellowish-brown. A large number of cracks are observed in
the upper part. This layer contains some sole-shaped black
blocks in the south wall, with some white calcareous nodules
in the middle that absorb black substances such as carbon and
manganese (Figure 9).

@ A cinerous mud layer, with a uniform composition, shows
strong water absorption in the lower part. This layer is divided
into upper and lower groups in the north wall of the trench.
Despite having the same composition, the upper group is
greenish, whereas the lower group is cyan. In the depression at
the eastern end of the south wall, there are several assemblages
of thin, muddy layers whose color gradually changes from
green to cyan; these can be divided into four assemblages of
thin layers.

® A large assemblage of fine silty sand layers with various
types of marine sediment structures, such as cross-bedding,
parallel bedding, and horizontal bedding. The sandstone body
is grayish-yellow, dry, and loose.

The lower part of the trench is a large assemblage of fine silty
sand layers (layer ®), which can be subdivided into the following
five stratigraphic units from top to bottom (Figure 7):

®-1: A grayish-yellow silty sand layer characterized by
horizontal bedding.

®-2: A grayish-yellow sandy gravel layer characterized by
planar cross-bedding; gravel is arranged in a specific direction,
with a diameter of 0.3-1.0 cm.

®-3: A yellowish-brown fine silty sand layer, with no clear
bedding, showing good consolidation. In the south wall of the
trench, a layer of gravel is present at the bottom of this layer,
arranged in a specific direction, with a diameter of 0.5-5.0 cm.
®-4: A grayish-yellow silty sand layer characterized by
inclined bedding containing a gravel layer, with gravels
arranged in a specific direction and a gravel diameter of
0.3-1.0 cm. Occasionally, large gravels with diameters of
2-5 cm were observed in the southeast wall. The south wall
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FIGURE 7

Sections of the exploratory trench at the Tangshan Asylum site. (A) Section of the upper part of the north wall; (B) section of the lower part of the
north wall; (C) section of the upper part of the south wall; (D) section of the lower part of the south wall. 1: fault; 2: cracks; 3: large assemblage of fine
silty sand layers; 4: brown boulder clay; 5: strata layer number; 6: sole-shaped black block with white calcareous nodules.

of the trench clearly shows that the fault offsets a piece of
boulder clay with a diameter of ~10 cm (Figure 7D).

®-5: A grayish-yellow silty sand layer dominated by planar
cross-bedding, with horizontal bedding and wedge-shaped
bedding developed in between. In the southeast wall of the
fault, there are several yellowish-brown thin, muddy silt layers
that are offset by the fault zone, indicative of a normal fault.
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Fault structural features

A large number of cracks are observed near the surface of the
trench, divided into two layers, consistent with previous studies
(Wang et al,, 1978, Wang et al., 1984). The upper layer of the SE-
trending cracks is covered by miscellaneous surface fill,
presumably caused by the 1976 Tangshan earthquake.
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FIGURE 8

Photographs of the exploratory trench (partial images): (A)

grid range (21-23, (1-J) of the north wall and (B) grid range (11-16,
(F-1) of the south wall.

Two assemblages (M; and M,) of grayish-brown thin mud
layers occur in the north wall (Figure 7A; Figure 10B) and are
repeatedly offset by the faults. Conversely, only one assemblage
of grayish-brown thin mud layers has developed at the east end of
the south wall (M), which is offset by the fault into multiple small
mud blocks within grids 10-14 (Figure 7C).

The fault groups revealed by the trench diverge upward and
can be divided into five groups, F; to Fs, each of which can be
further subdivided. Among them, the F, fault group has the
densest fault branches, concentrated in the center of the trench.
The F, fault group in the north wall is concentrated in the upper
grids 18-24 and the lower grids 10-15; in the south wall, the F,
fault group is concentrated in the upper grids 9-15 and the lower
grids 2-7 (Figure 7). The fault group F, corresponds to the main
fault and can be subdivided into F, ; to F,¢ in the upper part of
the north wall, among which the fault F, 4 is relatively complex,
diverging upward and converging downward into a fault; F, 4 can
be further subdivided into F4 4., Fs_aps Fase Fasa, and Fyye
(Figure 8A). There is clear offset and traction deformation in the

Frontiers in Earth Science

09

10.3389/feart.2022.946972

strata near the fault. In the upper part of the south wall, the fault
group F, is also subdivided into F, ;, Fy, F4», and F4 4, among
which the fault F, 4 is composed of multiple small faults that
intersect and converge. Here, F, 4 is further subdivided into Fy_4,,
Fyap> Fyao and Fy4q (Figure 8B).

The number of fault branches is equivalent in the upper and
lower parts, as well as in the north and south walls of the trench.
Figure 10 shows photographs of the numbered faults in the upper
and lower parts of the trench. We selected grids 8-11 on the
north wall in the lower part of the deep trench and excavated a
horizontal trench on its upper platform to reveal the horizontal
extension direction of the fault group and determine the
corresponding relationship between the lower fault in the
small trench and the upper fault. This analysis confirmed fault
branch numbering.

The trench reveals a large number of fault branches and
cracks, which exhibit good regularity and diverge upward. The
strata at the same level are higher in the west and lower in the
east, with nearly vertical faults in the center, exhibiting strong
strike-slip features (Figures 9B,E). The central faults gradually
undergo a transition westward into fault branches dominated by
normal fault components (Figures 9A,F) and eastward into fault
branches dominated by thrust components (Figures 9C,D). The
amount of perpendicular offset between the fault branches at
both ends is <5 cm. The closer to the central main fault, the
clearer the fault plane and the larger the dislocation. The
sedimentary sand layers on both sides of the central main
fault are completely different, showing strong characteristics
of the strike-slip movement. The fault
characteristics revealed by the trench at the Tangshan Asylum
site are similar to a flower structure and are the most significant
structural features in the shallow part of the Tangshan

distribution

Fault Zone.

Discussion

Kinematic characteristics of the
seismogenic fault

The movement characteristics of the seismogenic fault of the
Tangshan earthquake have long been debated, with previous
research suggesting a right-lateral strike-slip fault (Qiu, 1976;
Zhang et al., 1980), a right-lateral strike-slip fault with a normal
component (Hao and You, 2001), a high-angle thrust fault (You
et al,, 2002; Liu et al., 2013), or a normal fault (Qiu et al., 2005;
Guo et al, 2011, Guo et al,, 2017). All of these interpretations
were obtained from a single detection method, which is highly
limiting for an earthquake as complex as the Tangshan event.
Therefore, it is necessary to integrate multiple detection methods
for a more thorough analysis. This study combined analyses of
surface ruptures, exploratory trenches, composite drilling
columnar shallow seismic and focal

profiles, profiles,
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FIGURE 9

Fault patterns in the trench. (A) Normal faults in the western part of the north wall (specific location shown in grids 8-10 in Figure 7B); (B) strike-

slip faults in the middle part of the north wall (specific location shown in grids 16—19 in Figure 7A); (C) thrust faults in the eastern part of the north wall
(specific location shown in grids 34-35 in Figure 7A); (D) thrust faults in the eastern part of the south wall (specific location shown in grids 2-5 in
Figure 7C); (E) strike-slip faults in the middle part of the south wall (specific location shown in grids 6—7 in Figure 7D); (F) thrust faults in the
eastern part of the south wall (specific location shown in grids 7-8 in Figure 7C).

mechanism solutions to comprehensively evaluate the kinematic
characteristics of the Tangshan earthquake seismogenic fault.

After the M,7.8 Tangshan earthquake in 1976, a 10-km-long
surface rupture zone (Figure 2) appeared in the meizoseismal
area along the Tangshan-Guye Fault (F;) (Guo et al.,, 1977). The
two sides of the rupture exhibit horizontal deformation in a right-
lateral manner. The rupture zone is composed of no more than
20 deformed cracks in an en-echelon structure in the reverse
direction. The maximum horizontal right-lateral offset is 2.3 m.
The NW side rises relative to the center, whereas the SE side
subsides by 0.2-0.7 m.

Previous research on the surface rupture zone (Guo et al.,
1977) coupled with the large-scale “M;7.8 Tangshan Earthquake
Seismogenic Structure Map (1:1,000)” obtained from the Hebei
Earthquake Agency reveals that the surface rupture zone
conforms to the Riedel shear model. The strike of the surface
rupture zone is NE30°, with a relatively well-developed R shear
that moves in a direction of 45-60°. Moreover, a small number of
push-ups with a long axis direction of 150° also exist. Riedel
shears are closely related to the earthquake rupture mechanism
(Tchalenko, 1970; Tchalenko and Ambraseys, 1970; Aydin and
Page, 1984). Laboratory experiments and field-based seismic
surface rupture investigations have shown that Riedel shears
are the main type of initial rupture for seismic faults, especially
regarding the surface rupture of large strike-slip earthquakes
(Tchalenko, 1970; Tchalenko and Ambraseys, 1970; Deng and
Zhang, 1984; Bergerat et al., 2003; Lin et al., 2004, Lin et al., 2011;
Raoetal., 2011; Li et al., 2015; Liu et al., 2021). This also explains
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why the series of cracks observed in the trench do not break
through the surface but are instead typical surface ruptures
characterizing strike-slip earthquakes.

After the trench excavation at the Tangshan Asylum site, a
parallelepiped was identified in the marine fine silty sand layer in
the north wall (Figure 11). This parallelepiped is brownish-
yellow, cemented by silt and mud, hard, and regular in shape,
located in the gray-white marine fine silty sand layer 4 m below
the ground surface, where the sand body has clear bedding and a
uniform texture and is not affected by human activities (Figures
11A,B). This feature is located in the fault zone and is presumably
caused by long-term creep along the fault. The boulder clay has a
standard positive torsion geometrical shape, and the response
fault exhibits right-lateral strike-slip motion (Figures 11C-E).

At the earthquake relic site of the Tangshan No. 10 Middle
School, seven holes were drilled close together across the surface
rupture over 22 m, with the deepest hole being 106 m. These
revealed that the main fault has a dip angle >83° (Liu et al., 2013).
The shallow seismic profile (TS-11) reveals multiple fault
branches and the high dip angle of the main fault. The trench
reveals that the main fault group (F,) has a high dip angle, most
fault branches have dip angles >80° (Figure 7), and the faults
diverge upward and converge downward toward the main fault,
which is almost vertical, with clear strike-slip and vertical offsets
(Figure 9).

Based data the
1976 M,7.8 Tangshan earthquake collected from seismic
stations around the world, the calculated focal mechanism

on initial motion P-wave for
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FIGURE 10

Fault relationships revealed in the upper part of the north wall of the exploratory trench and deep trench. Photographs showing (A) the north
wall of the exploratory trench and deep trench, (B) part of the north wall, (C) the exploratory trench in the horizontal direction, and (D) part of the

north wall of the deep trench.

solutions are similar. The Tangshan earthquake manifested as a
high-dip, right-lateral, strike-slip earthquake (Qiu, 1976; Butler
et al., 1979; Zhang et al., 1980; Nabelek et al., 1987; Shedlock
et al.,, 1987; Huang and Yeh, 1997). Bulter et al. (1979) also
analyzed the far-field body waves and surface waves of the
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earthquake, and through fitting inversion of synthetic seismic
waveforms and observational records, they suggested that the
main shock of the Tangshan earthquake was a complex faulting
sequence composed of several events, including strike-slip and thrust
events.
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FIGURE 11

Photographs of parallelepiped boulder clay samples in the north wall of the exploratory trench. (A) Sand layer before cleaning; (B) sand layer
after cleaning; (C) sample in situ; (D) specific sample shape; (E) surface of the preserved boulder clay with longitudinal cracks.

Based on these results, we suggest that the Guye-Nanhu Fault
(F5), which represents the shallow response to the seismogenic
structure of the Tangshan earthquake, is characterized by right-
lateral strike-slip movement with a thrust component and an
almost vertical fault plane.

Deep and shallow structural model of the
seismogenic fault

The en-echelon-shaped surface rupture zone is characterized
by right-lateral strike-slip motion. The shallow seismic profile
(TS-11) and the composite drilling columnar profile obtained at
the Tangshan Asylum site reveal that there is an almost vertical
main fault in the lower part of the surface rupture zone, where
there is a clear perpendicular offset. Furthermore, multiple fault
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branches diverge upward and converge downward to the main
fault, conforming to a typical positive flower structural model.

The trench excavated at the Tangshan Asylum site reveals the
specific shape of the faults, which are characterized by a
combination of fault branches that tend to diverge outward
like a flower. The normal fault branches also become
progressively steeper with depth and converge downward to
the vertical main strike-slip fault with a deep-cut basement. A
vertical dislocation occurs between the two sides of the fault zone,
where the west side rises but the east side subsides, relative to the
fault zone. The central faults are dominated by strike-slip motion.
The fault branches to the west are predominantly normal faults,
whereas those to the east are reverse faults, and those close to the
central faults are strike-slip faults. The farther the faults are to the
west and east, the gentler the dip angle is and the clearer the
normal and reverse faulting components are. The profile is
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FIGURE 12

Schematic representation of the seismogenic fault of the Tangshan earthquake: (A) shallow part of the seismogenic fault and (B) deep seismic
reflection profile across the Tangshan Fault Zone in the south (adapted from Liu et al., 2011).

characterized by a combination of fault branches diverging
outward like a flower. Again, the fault branches become
progressively steeper with depth and converge downward to
the vertical main strike-slip fault. The trench excavated at the
Tangshan asylum site reveals a unique structural model, which is
confirmed by the composite drilling columnar profile and the
shallow seismic exploration results. Figure 12A shows a model of
the shallow structure of the seismogenic fault of the Tangshan
earthquake, which manifests as a positive flower structure. A

Frontiers in Earth Science 13

high-angle thrust fault is located to the west of the main fault, and
a series of tensile normal faults appear in front of the high-angle
thrust faults, owing to surface tension and other factors, for
example, the normal faults in the western section of the
exploratory trench.

A 49.4-km-long deep seismic reflection profile with a line of
measurement perpendicular to the Tangshan Fault Zone was
completed by our research team (Figure 1). Tq, the reflection
wave on the profile, is interpreted as bottom boundary reflections

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.946972

Liu et al.

of the Quaternary overburden, Ty as the bottom boundary of the
Neogene stratum, T, as the bottom boundary of the Mesozoic
stratum, and Ty and Tcp as reflections of the Paleozoic
Ordovician, Carboniferous, and Permian strata, respectively;
the reflection wave group T is the reflection from the upper
and lower crustal partition interface, while Ty, is the reflection
from the crust-mantle transition zone; T, is interpreted as
seismic multi-arch structures.

The deep crustal fault, F4, revealed by the deep seismic
reflection profile is located below line stake No. 22500
(Figure 12B). There are obvious transverse discontinuities in
the upper and lower crustal partition interface reflection T and
the crust-mantle transition zone reflection Ty; near the deep
fault, and the interface occurrence and wave characteristics of the
lower crustal reflection on both sides are also clearly different.
Thus, F4 is shown to be a deep fault between the upper and lower
crustal partition and the Mohorovicic discontinuity. The
existence of this deep fault provides conditions for the
upwelling of thermal materials in the upper mantle and
intracrustal tectonic deformation.

The T, interface on the west side of deep fault F4 presents
a subducting underthrust feature; therefore, we suppose that
there is an Fg fault. There is a clear overlap of arcuate tectonic
features at the bottom of the upper crust, suggesting the
existence of an Fy fault. These two faults merge downward
over the deep fault F.

Faults F;-F;, as revealed by the deep seismic reflection
profile, correspond to three branching faults of the Tangshan
Fault Zone. Fs-F; extend downward at different dips in the
profile and converge at a depth of approximately 10 km to form
an almost upright fault inserted into the upper crustal floor, near
the upper and lower crustal partition interface, which may be
associated with the deep fault of the Mohorovicic discontinuity.
The shallow seismic exploration, drilling, and excavated trench
area is located near the epicenter, while the 2D deep seismic
reflection line is 13.1 km from the epicenter. Therefore, there
may be inconsistencies in the deep and shallow survey results in
terms of structural details, but the general form should be
consistent.

A deep crustal fault provides the deep power source for the
Tangshan earthquake. The deep tectonic form revealed by the
deep seismic reflection profiles further supports the superficial
tectonic model. This complex system of deep and shallow faults
constitutes the tectonic background of the Tangshan earthquake.
In summary, there is a main upright strike-slip fault, deep in the
basement beneath the Tangshan Fault Zone, which faults the
Mobhorovicic surface. The branching faults are gentle on the top
and steep on the bottom and converge downward to the main
fault, displaying different occurrence characteristics owing to the
influence of the stress field in different geological periods. The
Tangshan Fault Zone is characterized by right strike-slip
movement under the near-NEE stable stress field (Wan, 2007)
during the Neotectonic period (since 0.78 Ma). A large number
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of detailed survey works reveal that the faults are characterized by
a flower-like combination of branching reverse faults that spread
outward at the shallow section, with the branching reverse faults
gentle on the top and steep on the bottom, protruding inward
and converging downward to the main strike-slip faults. These
features form a positive flower-like tectonic structure overall
(Figure 12A).

Newly generated fault zone in North China

The North China Plain fault basin is bounded by the Yanshan
uplift, the Taihang uplift, the Luxi uplift, and the Tanlu Fault
Zone (the Ludong and Liaodong uplifts). The NNE-oriented
Tanlu Fault Zone is a large-scale and structurally complex fault
zone in eastern China, cutting through the lithosphere for over
3,500 km (Wan, 1996) and dominating the eastern boundary of
the North China Plain faulted basin together with the Ludong
and Liaodong uplifts (Figure 13).

Between 1966 and 1976, the Xingtai M,7.2, Hejian M6.3, and
Tangshan M,7.8 earthquakes occurred in the North China Plain
region in sequence from north to south. Previous work has
indicated the existence of a newly generated fault zone that
began to develop in the Neogene based on the linear
alignment of seismotectonics (Xu et al., 1996). In this study,
we focused on exploring the mechanism of the formation of the
Tangshan-Hejian-Xingtai Neotectonic zone from the
perspective of the dynamics of the Tangshan earthquake.

Angular unconformities between structures of the Early and
Middle Pleistocene are widespread in mainland China, and the
characteristics of tectonic activity since the Middle Pleistocene
are generally consistent. The horizontal principal stress during
the Neotectonic period (since 0.78 Ma) is in the near-NEE
direction in northern China (Wan, 2007). In this tectonic
setting, most of the pre-existing high-dipping faults in the
upper crust of mainland China happen to intersect the
maximum principal compressive stress direction almost
perpendicularly or at large angles; therefore, the fault surfaces
are extruded relatively tightly. Their activity often shows a certain
left or right strike-slip characteristic because of the different
angles between the direction of maximum principal stress and
the fault plane. The northern section of the Tanlu Fault Zone is
extruded in the NNE direction, while the southern section is
extruded in the near east-west direction, presenting a reverse
fault with a slight right strike-slip (Wan 1996).

The near-NEE-oriented stress field direction in North China
and the lower strike-slip component of the Tanlu Fault Zone
result in stress accumulation within the North China Plain
faulted basin. The middle of this basin is approximately
13, blue dashed box), the

Tangshan-Hejian-Xingtai Fault Zone is located exactly at the

rectangular  (Figure and

diagonal position of the rectangle, which means that faults are
easily developed.
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Tectonic map of the North China Plain faulted basin (focal mechanism solutions according to Xu et al., 1996; stress field according to Wan,

2007).

Based on the data from small seismic positioning, petroleum
seismic profiles, and deep seismic reflection profiles, the
Tangshan-Hejian-Xingtai Fault Zone is speculated to be a
newly generated seismotectonic zone with a length of 500 km,
which is oblique and shows a gradual change in fault orientation
from near-NNE to near-NE from south to north, similar to the
change in focal mechanism solutions (Figure 13).

Deep physical survey data reveal the existence of a buried
fault from the focal location to the Mohorovicic discontinuity
below the epicenter of the 1976 Xingtai earthquake, which is a
high-dip supracrustal fault (Wang et al., 1993) similar to the deep
fault of the Tangshan earthquake. Both are large ultracrustal deep
faults.

The Tangshan Fault Zone is the largest in tectonic scale, and
several paleoseismic events, characterized by alternating periods
of relatively intensive earthquakes and quiet periods (Liu et al.,
2013), have occurred along this section since the Middle
Pleistocene. Therefore, the Tangshan Fault Zone can be
presumed as the first active section. No tectonically significant
surface fault zones have been found in the Xingtai earthquake,
and there are only a few paleoseismic studies. Xu et al. (2000)
suggested that the Xingtai earthquake fault was a new fault in the
process of upward extension. The available research on the
these
Throughout history, no > M7 earthquakes have occurred in

Hejian earthquake is least among earthquakes.
the Hejian area, although it is speculated to be a seismic hazard
section in the future. The inconsistency of the seismic activity
characteristics of different sections also indicates that the fault

zone is gradually penetrating and has a clear Neogenic nature.
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The frequent occurrence of aftershocks during the 55 years
after the Xingtai earthquake and the 45 years after the Tangshan
earthquake further suggests that this is a gradually penetrating
Neogenic fault zone. Therefore, this fault zone is assumed to
have experienced overall faulting from south to north during
the 10-year period from 1966 to 1976. The Tangshan and
Xingtai sections have already experienced earthquakes of
magnitude 7 or greater; therefore, the risk of earthquakes of
magnitude 7 or greater occurring in the Hejian section is high.
Yin et al. (2015)
earthquake  records

comprehensively examined historical

and  paleoearthquake  research
achievements in the North China basin and suggested that
there is an earthquake gap between Hejian and Tianjin along
the “Tangshan-Hejian-Cixian” right strike-slip fault zone,

which is consistent with our conclusions.

Conclusion

(1) Based on analyses of surface ruptures, exploratory trenches,
composite drilling columnar profiles, shallow seismic
profiles, and focal mechanism solutions, our study
indicates that the NNE-trending Guye-Nanhu Fault
represents the shallow response to the seismogenic
structure of the Tangshan earthquake. This fault has an
almost vertical dip and NW-trending main fault direction
with characteristics of thrust movement.

(2) The trench excavated at the Tangshan Asylum site reveals a

large number of fault branches and cracks under the surface
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rupture, which are highly regular and diverge upward. The
strata at the same layer are higher in the west and lower in the
east, with nearly vertical faults in the center, exhibiting
strong strike-slip features. The central faults gradually
transition westward into fault branches dominated by
normal faulting components, transition eastward into fault
branches dominated by thrust components, and converge
downward to the near-vertical main strike-slip fault. There is
a vertical offset between the two sides of the fault zone, with
the west side rising and the east side subsiding. The central
faults are dominated by strike-slip motion. The fault
branches on the west are predominantly normal faults,
those on the east are reverse faults, and those close to the
central faults are strike-slip.
(3) Shallow seismic exploration profile, composite drilling
columnar profile, and exploratory trench data reveal
that the shallow structure of the seismogenic fault of the
1976 Tangshan earthquake conforms to a positive flower
structure model, where the profile is characterized by a
combination of reverse fault branches diverging
The reverse fault branches
with depth, bulge
inward, and converge downward to the vertical main

outward like a flower.

become progressively steeper
strike-slip fault, typically forming a positive horst-
shaped structural pattern. A high-angle thrust fault is
located to the west of the main strike-slip fault, and a
series of tensile normal faults appear in front of the
high-angle thrust fault, owing to local tension and other
factors; this corresponds to the small normal fault group
in the western section of the trench. The tectonic form
revealed by the deep seismic reflection profiles further
supports the superficial tectonic model.

(4) Based on the linear alignment of regional seismic

the

Tangshan-Hejian-Xingtai Fault Zone is speculated to

tectonics, newly generated
exist, with a length of 500km and an oblique
alignment. The near-NEE orientation of the stress field
in North China and the lower strike-slip movement
component of the Tanlu Fault Zone have led to easy
faulting in the Tangshan-Hejian-Xingtai Fault Zone,
which lies diagonally in the middle rectangular area of
the North China Plain faulted basin. The inconsistency of
the seismic activity in different sections also indicates
that the fault is gradually penetrating and has a distinct
Neogenic nature. Earthquakes of magnitude 7 or greater
have already occurred in the Tangshan and Xingtai
sections; therefore, there is a relatively high risk of
earthquakes of magnitude 7 or greater occurring in the
Hejian section.
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